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Abstract The spatial distribution of alien species
richness often correlates positively with native spe-
cies richness, and reflects the role of human density
and activity, and primary productivity and habitat
heterogeneity, in facilitating the establishment and
spread of alien species. Here, we investigate the
relationship between the spatial distribution of alien
bird species, human density, and anthropogenic and
natural environmental conditions. Next, we examined
the relationship between the spatial distribution of
alien bird species and native bird species richness.
We examined alien species richness as a response
variable, using correlative analyses that take spatial
autocorrelation into account. Further, each alien bird
species was examined as a response variable, using
logistic regression procedures based on binary pres-
ence–absence data. A combination of human density
and natural habitat heterogeneity best explained the
spatial distribution of alien species richness. This
contrasts with the results for individual alien species
and with previous studies on other non-native taxa
showing the importance of primary productivity and
anthropogenic habitat modification as explanatory
variables. In general, native species richness is an
important correlate of the spatial distribution of alien
species richness and individual alien species, with
alien species being more similar to common species
than to rare species.
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Introduction
Many studies indicate a positive spatial correlation
between native and alien species richness at coarse
resolutions and the regional scale (Lonsdale 1999;
Stohlgren et al. 1999; McKinney 2001; Pyšek et al.
2002; Stohlgren et al. 2003, 2006; Evans et al. 2005;
Richardson et al. 2005; Williams et al. 2005). The
opposite effect is often expected due to local
competitive exclusion of alien species (also known
as exotic species or introduced species) by natives;
however, competitive exclusion by natives appears to
be a relatively weak force that is mainly manifested at
fine resolutions, if at all (Case 1996; Stohlgren et al.
1999; Kennedy et al. 2002; Levine et al. 2004). A
coarse resolution positive relationship is not neces-
sarily causal (Lonsdale 1999; Stohlgren et al. 1999).
Indeed, Duncan et al. (2003) suggest that factors such
as natural and anthropogenic environmental condi-
tions and introduction effort are much more
important than species traits and interactions in
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determining the colonisation and distribution of alien
bird species. It is more likely that alien and native
species richness covary at regional spatial scales due
to positive responses to similar environmental con-
ditions, leading to higher native and alien species
richness in areas with a great diversity of habitat
types and favourable environmental conditions such
as high primary productivity or energy availability
(Lonsdale 1999; Stohlgren et al. 1999, 2006; Evans
et al. 2005; Richardson et al. 2005; Williams et al.
2005).
Alien species richness is often higher in areas with
high human density, because humans and human
activities are often the source of alien species
(Hodkinson and Thompson 1997; Dean 2000;
McKinney 2001, 2002; Pyšek et al. 2002; Le Maitre
et al. 2004; Richardson et al. 2005; Williams et al.
2005; Stohlgren et al. 2006). Further, disturbance of
natural habitat by humans also facilitate the coloni-
sation and spread of alien species (Case 1996; Dean
2000; Fine 2002; Le Maitre et al. 2004). Spatial
variation in human density is, in turn, often deter-
mined by the same environmental conditions that
determine native and alien species richness, further
promoting a widespread positive correlation between
these variables (McKinney 2001; Chown et al. 2003;
Evans and Gaston 2005). Thus, areas with high native
species richness are most at risk from the harmful
effects of invasive alien species and human activities
such as habitat transformation, degradation, and
destruction, and overexploitation of natural resources
including species (see Vitousek et al. 1997, for a
review).
Most of the studies mentioned so far focussed on
or included alien plant species richness, for which
adequate distribution atlases are often available (e.g.
the Southern African Plant Invaders Atlas used by
Richardson et al. 2005). These studies are essential
because of the high prevalence of alien plant species
(Rapoport 2000; Richardson et al. 2005) and the
severity of detrimental ecological and economical
impacts caused by alien plant invasions (Gordon
1998; Van Wilgen et al. 2001; Le Maitre et al. 2004).
Spatial distribution of alien plant species richness in
South Africa is determined by the natural environ-
mental factors primary productivity and habitat
heterogeneity, and the human factors population
density, road density, and percentage urban and
transformed area (Richardson et al. 2005).
Fewer studies have been done on the spatial
distribution of alien animal species richness, examples
being studies done on fish (McKinney 2001, 2002; Irz
et al. 2004; Stohlgren et al. 2006), and birds (Case
1996; Evans et al. 2005; Germaine et al. 1998;
Stohlgren et al. 2006). The basic variables and
mechanisms found to govern the spatial distribution
of alien plant species richness are often extended in
the literature to animal species (e.g. Evans et al. 2005;
Stohlgren et al. 1999), one difference being that
animals are known to have greater dispersal abilities
than plants (Rapoport 2000). The spatial distribution
pattern of alien animal species richness is therefore
assumed to be similar to native animal species
richness distribution patterns, and to reflect the
response of alien species to environmental conditions
(e.g. primary productivity and habitat heterogeneity),
their source of introduction (e.g. humans and human
activities), and anthropogenic disturbance to ecosys-
tems (e.g. habitat transformation).
Data on South African birds provide an ideal
opportunity to investigate these assumptions and as
far as we are aware, no studies have been done on the
spatial patterns and the underlying mechanisms of
alien animal species richness at the national scale for
South Africa. The Southern African Bird Atlas
Project (SABAP, Harrison et al. 1997) provides bird
distribution data at the quarter-degree square (QDS)
resolution (the area of QDS grid cells in South Africa
vary from 635 km2 in the South to 712 km2 in the
North) which have been used successfully in many
previous studies (e.g. Van Rensburg et al. 2002;
Chown et al. 2003; Evans et al. 2006; Hugo and Van
Rensburg 2008), and includes 11 bird species that are
non-native (Harrison et al. 1997; Hockey et al. 2005).
Methods
It is known that in South Africa, native bird species
richness, and accordingly, perhaps also alien bird
species richness, is positively correlated to human
density, primary productivity (especially where
primary productivity has been artificially increased
by irrigation), and natural and anthropogenic habitat
heterogeneity (Van Rensburg et al. 2002; Chown
et al. 2003; Hugo and Van Rensburg 2008). Further,
as mentioned in the ‘‘Introduction’’, alien species
might benefit from land transformation, and they are
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reputedly associated with urban and cultivated areas
(Brooke et al. 1986; Case 1996; Dean 2000; Hockey
et al. 2005; Peacock et al. 2007). Thus, to determine
the relative importance of different anthropogenic
and natural environmental factors to spatial distribu-
tion in alien species, we investigated all of the above
mentioned variables as predictors of the spatial
distribution of total number of alien bird species per
QDS (i.e. alien species richness). In addition to this,
following Evans et al. (2005), we modelled each alien
species as individual response variables in relation to
the predictor variables mentioned above. Doing this
would allow the exploration of their separate contri-
butions to the overall spatial distribution of alien
species richness (i.e. alien species combined). For
these two sets of multivariate regression analyses we
report only the models that best predicted variation in
the response variables. ‘Best’ models included only
predictors that contribute significantly (0.05 level of
probability) to the model.
Primary productivity was represented by January
normalised difference vegetation index (NDVI) val-
ues averaged between 1982 and 1991. NDVI is
obtained by satellite imaging, and it correlates
strongly with net primary production and plant
biomass (Kerr and Ostrovsky 2003). The NDVI values
used in the current study were obtained from the
African Real Time Environmental Monitoring using
Meteorological Satellites (Artemis) programme of the
Food and Agriculture Organisation (http://www.
fao.org/geonetwork/srv/en/main.home). We specifi-
cally used NDVI for January, because compared with
other NDVI metrics, it exhibits the most marked
spatial variation and explains more of the spatial
variation in human density and avian species richness
(Evans et al. 2006). Natural habitat heterogeneity was
represented by the number of vegetation types in each
QDS according to Low and Rebelo (1996).
Human population density values were derived
from the 2001 national population census (Anonymous
2001). Total percentage land transformation per QDS
and percentage cultivated and urban area per QDS
were based on the transformed land-cover data
captured by Landsat TM satellite imagery (six main
transformed land cover types were recorded mainly
between 1994 and 1995: cultivated land, degraded
land, plantations, water bodies, urban build-up, and
mines and quarries), provided by Thompson (1996).
We calculated anthropogenic habitat heterogeneity as
the number of transformed land cover types in each
QDS. A spatial distribution map of irrigated areas was
published by the Agricultural Research Council—
Institute for Soil, Climate, and Water (2000), and was
downloaded from the Agricultural Geo-Referenced
Information System website (http://www.agis.agric.
za/agis_metadata/).
To study the spatial relationship between alien and
native bird species richness, we investigated native
species richness as a predictor of the spatial distribu-
tion of alien species richness (response). Further, we
investigated native species richness as a predictor of
the spatial distribution of each alien species separately
(Evans et al. 2005). We investigated three native
species richness categories, representing different
range size categories calculated for each QDS: (1)
all 651 species, (2) the 25% most widespread species
(each occupying a minimum of 610 QDSs) represent-
ing the category ‘common species’, and (3) the 25%
most range restricted species (each occupying a
maximum of 98 QDSs) representing the category
‘rare species’. This was done because the distribution
patterns of common and rare species differ, and
common species contribute more towards overall
species richness distribution patterns than rare species
(i.e. most of the spatial variation is caused by a
minority of the most common species) with the result
that rare species distribution patterns would be
obscured in an analysis that do not separate the two
(Lennon et al. 2004; Vázquez and Gaston 2004).
Although the 25% cutoff values are arbitrary, they are
commonly used to define range size categories (see
Gaston 1994). For these analyses, we report all models
regardless of whether the predictor was significant.
All spatial information datasets have been con-
verted to a QDS resolution using ArcView GIS of
ESRI Inc. (1998). We removed QDSs overlapping the
border of the country (i.e. those overlapping with the
coast or neighbouring countries) from the datasets
(Fig. 1), as information in these cells are incomplete
and could be misleading (n = 1,669 QDSs used). For
this reason alien species restricted to the coast
(chaffinch, Fringilla coelebs; chukar partridge, Alec-
toris chucar; house crow, Corvus splendens) were
omitted from the study. The eight species that were
included in the study were common myna (Acridot-
heres tristis), common starling (Sturnus vulgaris),
house sparrow (Passer domesticus) and rock dove
(Columba livia) which are widespread in South
Alien and native birds in South Africa
123
Africa, and budgerigar, Melopsittacus undulates, mal-
lard (Anas undulate), rose-ringed parakeet (Psittacula
krameri) and mute swan (Cygnus olor), which are
narrowly distributed in South Africa (Harrison et al.
1997).
We reduced heteroscedasticity in all variables by
logarithmically transforming the data to the base 10,
before applying the relevant statistical procedures. If
zero values were present within a dataset, we added
an incremental value, 1, to all values in that dataset
before applying log transformation.
To detect collinearity, we examined the tolerance
value for each predictor variable. Tolerance, as
defined by Neter et al. (1996), is 1 minus the squared
multiple correlation of a predictor variable with all
other independent variables in the regression equation
(Statsoft, Inc. 1999); the lower the tolerance of a
given variable, the stronger the correlation between
the variable in question and one or more of the other
predictors (Quinn and Keough 2002). Following
Quinn and Keough (2002), those variables with
tolerance values smaller than 0.1, should be elimi-
nated from subsequent analyses. However, as none of
the explanatory variables were found to be redundant,
all were included in the analyses.
We used the SAS version 9.1 procedure ‘PROC
MIXED’ (SAS Institute, Inc. 2004) to investigate the
spatial distribution of alien species richness. Data
from contiguous grid cells are often spatially auto-
correlated, which violates the assumption of
independent errors on which many classical statistical
tests are based (Legendre et al. 2002). Therefore,
using ‘PROC MIXED’, we implemented spatial
correlation models in which spatial variation in the
response variable is tested for spatial autocorrelation
(null spatial models are compared with the indepen-
dent errors models with a likelihood ratio test giving
a v2 value and level of significance) (Littell et al.
1996). Further, ‘PROC MIXED’ fits a spatial covari-
ance matrix to the data to adjust the test statistics
(Littell et al. 1996). We used an exponential spatial
covariance structure in all analyses, as this always
provided a better fit to the null model compared with
the five others: spherical, Gaussian, linear, linear log
and power. Variation in the response variable was
significantly (P \ 0.0001) spatially autocorrelated in
each analysis done with ‘PROC MIXED’ in this
study, i.e. a significant proportion of spatial variation
in the response variable can be explained by spatial
autocorrelation, which results in smaller F statistics
and significance levels for the predictor variables
compared to models assuming independent errors.
To investigate the spatial distribution of the
individual alien species we used the SAS version
9.1 procedure ‘PROC LOGISTIC’ (SAS Institute,
Inc. 2004), which is a logistic regression procedure
Fig. 1 The number of
exotic bird species per
quarter-degree square in
South Africa, as provided
by the Southern African
Bird Atlas Project (Harrison
et al. 1997)
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that allows the use of presence-absence (i.e. binary)
data to model the probability of occurrence of a
species in relation to various predictor variables
(Evans et al. 2005). There is no test that controls for
spatial autocorrelation when performing binary
regressions, consequently for analyses using ‘PROC
LOGISTIC’ we could only report models based on
the independent errors assumption.
To test the ‘goodness of fit’ of different models,
the ‘PROC MIXED’ and ‘PROC LOGISTIC’ proce-
dures supply Akaike’s information criterion (AIC)
values, of which smaller (or more negative) values
indicate a better model. AIC values do not mean
anything by themselves and are only used to compare
models with different predictor variables and the
same response variable (SAS Institute, Inc. 2004).
Thus, AIC values could not be used to compare
different subsets of a dataset. Rare species occupy
fewer QDSs at the national scale, i.e. the rare species
dataset is a subset of QDSs occupied by all and
common species. Therefore, to compare different
models of the relationship between alien and native
species, the common and all species datasets were
reduced so that the area covered matched that of the
rare species in size and location (i.e. the same QDSs
were analysed, n = 1,011).
To detect simple nonlinear relationships, the
square term of each variable was included into the
models together with the variable concerned (Evans
and Gaston 2005). An increase in the ‘goodness of fit’
(i.e. a decrease in the AIC value), indicate a nonlinear
relationship.
Sampling intensity in the SABAP differed widely
among QDSs (Harrison et al. 1997). To determine the
influence of sampling effort, we followed Evans et al.
(2006) by repeating all analyses using a dataset from
which poorly sampled QDSs (i.e. those QDSs for
which fewer than ten bird species checklists have
been received) had been excluded, and comparing the
results with that of the complete dataset. Like Evans
et al. (2006) we found only negligible differences and
therefore we only report the results based on the
complete dataset.
Results
Of all the predictor variables investigated, only total
transformed area was not included in any model of
any analysis. This could be due to some level of
collinearity with one or more of the other predictors,
despite having a tolerance value larger than 0.1 (see
‘‘Methods’’).
Human density (F = 181.83; P \ 0.0001) and nat-
ural habitat heterogeneity (F = 13.39; P = 0.0003) are
the only human and natural environmental factors
included in the best model explaining the spatial
distribution pattern of alien species richness. Both have
a positive correlation with alien species richness. For
both these predictors, n = 1,668, the numerator df = 1,
and the denominator df = 1,666.
The probability of occurrence of common myna
(the response variable) was best predicted by a
combination of human density, cultivated area, and
primary productivity with which it was positively
correlated, and urban build-up with which it was
negatively correlated (Table 1). Judging from the Chi-
square values, primary productivity was the predictor
that contributed most to the model. The square terms
(which may or may not have been positively corre-
lated to the response variable) of human density and
urban build-up were included in the model, meaning
that, compared to the remaining predictor variables,
these predictors were nonlinearly correlated with the
response variable.
The probability of occurrence of common starling
was best predicted by human density, cultivated area,
irrigated area, primary productivity and vegetation
heterogeneity (Table 1). Primary productivity con-
tributed most to the model, although it was negatively
correlated to the probability of occurrence of com-
mon starling. Of the other predictors only cultivated
area had a negative correlation with the response
variable. Human density, irrigated area and vegeta-
tion heterogeneity had nonlinear relationships with
the response variable.
The probability of occurrence of the house spar-
row was best predicted by human density and
irrigated area to which it was positively correlated
and cultivated area to which it was negatively
correlated (Table 1). Cultivated area had a nonlinear
relationship with the response variable. Human
density seemed to have contributed most to the
model.
The probability of occurrence of the rock dove was
best predicted by all predictors except total trans-
formed area and irrigated area (Table 1). Only
cultivated area had a negative relationship with the
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response variable. Human density, cultivated area,
and anthropogenic habitat heterogeneity had nonlin-
ear relationships with the response variable. Human
density contributed most to the model.
The probability of occurrence of the budgie was
best predicted by human density, with which it was
negatively correlated, and cultivated area, irrigation
and urban build-up, with which it was positively
correlated (Table 1). Irrigation contributed most to
the model.
The probability of occurrence of the mallard was
best predicted by cultivated area and urban build-up
(Table 1). Both predictors had positive correlations
with the response variable, and urban build-up
contributed most to the model.
The probability of occurrence of the rose-ringed
parakeet was best predicted by human density only,
with which it had a positive relationship (Table 1).
Mute swan was omitted from the individual
species analyses because it is present in only two
QDSs of the dataset, and thus does not provide
enough data for the analysis to be conducted.
The spatial distribution of alien species richness was
significantly positively correlated to all three native
species richness categories, although it had a nonlinear
correlation with common native species richness. The
AIC values indicated that common species richness
(F = 10.87, P = 0.001) and its square term (F = 19.47,
P \ 0.0001; AIC = -1,526.8) were the predictors
that best describe spatial patterns in alien species
richness, followed by all species richness (F = 213.83;
P \ 0.0001; AIC = -1,467.6), and then rare species
richness (F = 61.55; P \ 0.0001; AIC = -1,338.5).
For all these analyses, n = 1,011, the numerator
df = 1, and the denominator df [ 1,008.
Generally, the probability of occurrence of an
alien bird species in a QDS increased with an
increase in the number of native bird species
occurring in that QDS. However, negative relation-
ships were found for the probability of occurrence of
rock dove (common native species richness), and
house sparrow (all and common native species
richness) (Table 2). Further, the probability of occur-
rence of budgies increased significantly only with
common native species richness (Table 2). Nonlinear
relationships were present for the probability of
occurrence of common myna (rare native species),
common starling (all three native species richness
categories), mallard (rare native species), rock dove
(all categories), and house sparrow (all and common
native species richness categories) (Table 2). As
indicated by the AIC values, probability of occur-
rence of four species (budgie, mallard, rock dove and
house sparrow) were best predicted by common
native species richness, whereas probability of occur-
rence of three alien species (common myna, common
starling and rose-ringed parakeet) were best predicted
by the native species richness category ‘all species’
(Table 2). Again, mute swan was omitted from this
analysis.
Discussion
One of the most noticeable results of this study is that
there is limited agreement between the models
concerning the spatial distribution of alien bird
species richness and the models concerning the
spatial distributions of individual alien bird species.
Further, models predicting the occurrence of individ-
ual alien species differ substantially from one another
in terms of the combination of factors predicting their
occurrence (Table 1). This result is supported by the
fact that the South African distribution ranges of
these alien bird species differ substantially and some,
like common myna and common starling, show
hardly any overlap with each other (Harrison et al.
1997).
Generally, the models predicting the probability of
occurrence of individual alien species included more
variables than the models that best predicted spatial
variation in alien species richness. It should be kept in
mind that ‘PROC LOGISTIC’, used to model the
distributions of each individual alien species, is a less
stringent analysis than the ‘PROC MIXED’ analysis
that take spatial autocorrelation into account. For this
reason, it is possible that the models concerning
individual alien species included some predictors that
would have been excluded from a more stringent
analysis. Therefore, one should be cautious when
interpreting ‘PROC LOGISTIC’ results, and view the
analyses concerning the probability of occurrence of
individual alien species only as a supplement to the
analyses concerning the spatial distribution of alien
species richness.
Overall, human density seems to be the most
important variable (of those investigated) determin-
ing the spatial distribution of alien bird species in
Alien and native birds in South Africa
123
South Africa. The spatial distribution of alien species
richness was mainly determined by human density,
with which it had a positive correlation. Such a
positive correlation is consistent with various other
studies where alien taxa were examined (McKinney
2001, 2002; Pyšek et al. 2002; Richardson et al. 2005;
Stohlgren et al. 1999). Further, human density also
played a prominent positive role in models predicting
the probability of occurrence of most of the individual
alien bird species. This is generally consistent with
local scale observations (Dean 2000; Hockey et al.
2005) of alien bird species in South Africa and with the
QDS resolution analysis of common myna by Peacock
et al. (2007), suggesting that alien bird species tend to
be closely associated with humans. However, these
results conflict with Evans et al. (2005) who found that
human density is not significantly correlated to alien
bird species richness in Britain if energy availability is
taken into account.
It is often suggested that human settlements and
human-modified landscapes are important habitats to
alien bird species, and that alien bird species may
benefit from human activities and human-induced
habitat modification (e.g. Case 1996; Germaine et al.
1998; Dean 2000; Fine 2002; Richardson et al. 2000;
Le Maitre et al. 2004; Hockey et al. 2005; Peacock
et al. 2007). According to the results from the current
study, and depending on the bird species in question,
cultivated and irrigated area, urban build-up and
anthropogenically created habitat heterogeneity all
played a (usually positive) role in determining the
probability of occurrence of an individual alien bird
species in South Africa at the QDS resolution. In
contrast, none of these human-caused factors made a
Table 2 The probability of occurrence of each alien bird species in relation to three categories of native bird species richness: all
species, the 25% most widespread species (common species) and the 25% most range restricted species (rare species)
Native species group Native richness Native richness2 AIC
Common myna All v2 = 110.35**** NI 800.7
Common v2 = 76.02**** NI 852.5
Rare v2 = 38.28**** v2 = 15.06 889.4
Common starling All v2 = 74.77**** v2 = 76.27 1,004.4
Common v2 = 8.81** v2 = 7.71 1,075.8
Rare v2 = 19.62**** v2 = 26.06 1,106.6
House sparrow All v2 = 6.45 v2 = 8.22** 399.5
Common v2 = 13.35 v2 = 16.00**** 354.3
Rare v2 = 7.95** NI 450.3
Rock dove All v2 = 10.53** v2 = 6.88 1,081.3
Common v2 = 21.35 v2 = 29.83**** 893.9
Rare v2 = 44.49**** v2 = 21.88 1,332.1
Budgerigar All v2 = 1.51 NS NI 85.8
Common v2 = 4.49* NI 78.5
Rare v2 = 1.30 NS NI 86.4
Mallard All v2 = 13.91*** NI 240.6
Common v2 = 22.12**** NI 212.2
Rare v2 = 12.78*** v2 = 10.51 234.5
Rose-ringed parakeet All v2 = 18.19**** NI 89.6
Common v2 = 9.92** NI 104.1
Rare v2 = 11.59*** NI 113.1
Chi-square (v2) values and significance levels are provided for each predictor. All predictors were log-transformed to the base ten
AIC Akaike’s information criterion (smaller values indicate a better model); NI not included; NS not significant
Significance levels: positive effects, * P \ 0.05; ** P \ 0.01; *** P \ 0.001; **** P \ 0.0001; negative effects,  P \ 0.05;
 P \ 0.01;  P \ 0.001;  P \ 0.0001
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significant contribution to explaining the spatial
distribution of alien species richness if human density
was taken into account.
It is likely that humans provide beneficial factors
that promote alien species richness which were not
accounted for in the current study due to its coarse
resolution, e.g. the feeding of animals, either directly
(e.g. bird feeders) or indirectly through alien vege-
tation or refuse (Emlen 1974; Mills et al. 1989;
Morneau et al. 1999; Jokimäki et al. 2002). The alien
species investigated in the current study often scav-
enge on human refuse, and feed from bird feeders and
on the seeds and fruit of alien vegetation and crops
(Brooke et al. 1986; Dean 2000; Hockey et al. 2005).
Further, they use buildings, nest boxes, bridges and
other man-made structures for nest sites, and incor-
porate man-made materials in their nests (Brooke
et al. 1986; Dean 2000; Richardson et al. 2000;
Hockey et al. 2005). These factors were determined
from local scale observations and seem impractical to
study at a coarser resolution, suggesting that the QDS
resolution might be too coarse to study all of the
factors that may promote the close association
between alien species richness and human density.
Introduction effort (which is spatially associated
with human densities, see ‘‘Introduction’’) was also
not considered in the current study; however, it is
unlikely to be a reason for a strong contemporary
species-human correlation in South Africa, because
except for budgies and mute swans, most current
populations of alien bird species are self-sustaining
and do not require continuous introductions by
humans to survive (Hockey et al. 2005). Moreover,
well-established South African alien bird species are
now found far from their initial sites of introduction
(e.g. Hockey et al. 2005; Peacock et al. 2007).
Natural habitat heterogeneity (i.e. vegetation type
heterogeneity) also played a smaller significant role
in explaining the spatial distribution of alien species
richness, consistent with Lonsdale (1999) and Rich-
ardson et al. (2005). For the individual species
analyses, natural heterogeneity seemed to play a
small significant positive role only for common
starling and rock dove.
Primary productivity was not a significant determi-
nant of spatial distribution in alien bird species richness
in South Africa, which conflicts with studies on alien
plant species richness in South Africa (Richardson
et al. 2005) and California, USA (Williams et al. 2005),
and alien bird species richness in Britain (Evans et al.
2005), in which significant positive correlations
between primary productivity or energy availability
(as a limiting factor of primary productivity) and alien
species richness were reported. For the individual
species analyses, primary productivity played an
important role only for common myna (positive
relationship) and common starling (negative relation-
ship). Adaptation to the climatic conditions in their
regions of origin possibly determined that the breeding
range of common myna is mainly restricted to the
warmer, more productive regions in the East of South
Africa, whereas the breeding range of common starling
is restricted to the cooler regions of South Africa
(Brooke et al. 1986; Dean 2000; Richardson et al.
2000). Nevertheless, it seems that alien bird species in
South Africa are generally more dependent on humans
and human activities for food and shelter than on
climatic conditions. For example, house sparrow and
rock dove seem to occur across the country in almost
any kind of climate, provided that there are humans or
man-made structures present (Dean 2000; Richardson
et al. 2000). In contrast, energy availability was an
important predictor of the probability of occurrence of
all alien bird species present in Britain (Evans et al.
2005). Evans et al. (2005) suggested that most of these
species originated in countries that are warmer than
Britain, hence the importance of energy availability.
Although positively correlated to all three native
species richness categories, spatial distribution in
alien species richness was more similar to that of
common native species richness than rare native
species richness, possibly indicating that alien species
behave more similarly to common species. This idea
is supported by the fact that human density is an
important correlate of spatial variation in both alien
(current study) and common native (Hugo and Van
Rensburg 2008) species richness. Further, although
the distributions of individual alien species were
generally similar to the distribution of native species
richness, they were never most similar to the
distribution of rare native species richness. These
observations should be expected, as common and rare
species are known to react differently to anthropo-
genic disturbance. In particular, common species,
many of which are generalists, are often able to take
advantage of habitats altered by human activities,
whereas rare or specialist species usually become
rarer (McKinney and Lockwood 1999; Davies et al.
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2004; Fairbanks 2004). Alien bird species that are
successful at establishing a population and spreading
are often pre-adapted for invasion by being opportu-
nistic generalists that are closely associated with
humans and tolerant of a wide range of environmen-
tal conditions (Dean 2000; Duncan et al. 2003).
Similarly Dean (2000) suggested that common native
species with the characteristics of a successful
invader could also increase in number and expand
their ranges. Thus common species with expanding
ranges, as was shown for North America by La Sorte
and Boecklen (2005) and La Sorte (2006), and
invasive alien species may share many traits and
may both respond positively to increased human
densities. The pied crow (Corvus albus) is an
example of a generalist species native to South
Africa that benefits to a large extent from human
activities and has made use of the human modifica-
tion of habitats to expand its range in South Africa
(Harrison et al. 1997).
Despite local scale observations of South African
alien bird species mentioned previously throughout
the ‘‘Discussion’’ (reviewed and summarised in
Brooke et al. 1986; Harrison et al. 1997; Dean
2000; Richardson et al. 2000; Hockey et al. 2005),
there is still a lack of fine resolution and local-scale
studies of alien and native birds in South Africa. For
example, the QDS resolution study by Fairbanks et al.
(2002) suggest that the population density of invasive
alien species and certain native generalists are often
greater than the population density of rare native
species in transformed areas, thus possibly threaten-
ing biodiversity through interspecific competition,
and hybridization of alien and native species (Emlen
1974; Clout 2002). However, little is known about the
local-scale interactions between populations of alien
and native bird species in South Africa, although
common myna are suspected to displace natives at a
local scale and mallards are known to hybridize with
native Anas species (Dean 2000; Richardson et al.
2000; Hockey et al. 2005; Peacock et al. 2007). There
is also a lack of studies on the impacts of alien fauna
on indigenous species and vegetation (Dean 2000;
Richardson et al. 2000). Further, it can be seen that
much of the knowledge gained about the factors that
correlate with alien species at a QDS resolution
differs from that gained from local-scale observa-
tions. For example, whereas the QDS-resolution
analysis of common starling in the current study
showed no effect of urban build-up and a negative
effect of cultivated area, local-scale observations
revealed that common starling occur in urban areas
and agricultural fields (Hockey et al. 2005). Studies
are needed to clarify this scale-dependent effect.
Case (1996) and Germaine et al. (1998) conducted
and reviewed local-scale studies, and reported that
alien and native birds tend to occupy different
habitats and might use different resources at a local
scale. This suggests that spatial distributions of alien
bird species richness and native bird species richness
in South Africa might be negatively correlated at
finer resolutions, at which different habitat types
could be distinguished more clearly. Alien bird
species are usually not abundant in pristine natural
habitats (Case 1996; Dean 2000; Richardson et al.
2000; Hockey et al. 2005). It has been suggested that
alien bird species in South Africa are competitively
dominant and more prevalent than most native
species in human-modified habitats, whereas natives
are dominant and prevalent in pristine natural habitats
(Dean 2000; Richardson et al. 2000). It is conceivable
that, if interspecific competition would occur, it
would be mainly between alien birds and the few
generalist native birds that are closely associated with
humans and could therefore come into regular contact
with alien birds (Fairbanks et al. 2002).
In conclusion, alien bird species seem to be
generally spatially associated with high human den-
sity and native bird species richness. However, not all
assumptions regarding the factors that govern the
spatial distribution in alien species richness are
relevant for all taxa and all situations. Further, spatial
correlates for alien bird species richness differs
substantially from what was found for individual
alien bird species, and in addition, individual alien
bird species differ substantially from one another. In
addition, the results from this QDS-resolution anal-
ysis differ from previous local-scale observations.
Therefore, this study leaves many unanswered ques-
tions, particularly those that can be elucidated with
further local-scale and fine-resolution studies.
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